The Marchand passive treatment system was constructed in 2006 for a 6,000 L/min (1,650 gpm) discharge from an abandoned underground bituminous coal mine located in western Pennsylvania, USA. The system consists of six serially-connected ponds followed by a large constructed wetland. 
Introduction
Effective passive treatment is the most economical technology for treating contaminated coal mine drainage. A properly designed and constructed passive system achieves effluent targets without any external chemical or energy inputs and substantially smaller manpower requirements than conventional technologies. Passive treatment is particularly reliable for alkaline waters where Fe can be precipitated as iron oxide solids while the pH is maintained between 6 and 8 by bicarbonate buffering (Hedin, et al. 1994a ). The alkalinity can be derived naturally or generated through pre-treatment with limestone (Hedin, et al. 1994b ). Dozens of passive treatment systems are successfully treating alkaline Fe-contaminated waters (Brodie 1990; Stark et al. 1994 , Hedin et al. 1994a Hellier, et al. 1994; Younger, 2000; Dempsey, et al. 2001; Nuttall, 2002; Younger, et al. 2002) .
Flooded underground coal mines with calcareous overburdens commonly produce large flows of alkaline Fe-contaminated water (Hedin et al. 1994a; Wood et al. 1999; Younger et al. 2002; Lambert et al. 2004) . In southwestern PA alone, the author is aware of 26 mine discharges of alkaline Fe-contaminated water that each flow at least 3,800 L/min (1,000 gpm). Fifteen of the flows are treated with conventional chemical and mechanical procedures, at great expense.
The remaining discharges are untreated and severely degrade their receiving streams. Passive treatment of most of these discharges has been considered but not implemented for several reasons. There is uncertainty about scaling the successes realized with moderate flows to large flows without sacrificing treatment effectiveness. The performance of large passive systems under variable contaminant loading conditions and in cold weather has been questioned. The management of sludge produced by large systems is considered problematic. Lastly, large passive systems have high capital costs because they handle very large flows and Fe loadings.
In 2006 the Sewickley Creek Watershed Association constructed a passive treatment system for a 6,000 L/min (1,600 gpm) discharge of alkaline Fe-contaminated water flowing from the abandoned Marchand Mine. It is one of the largest passive treatment systems constructed to date in the United States. The system has produced a high quality effluent with minimal operational requirements. This paper presents the first year of performance and discusses the reasons for the effective treatment.
Background
The Marchand Mine is located in southwestern Pennsylvania in Westmoreland County. The mine was an underground room and pillar operation in the Pittsburgh coal seam that operated between 1902 and 1938. The mine is below local drainage and flooded when it was closed. A large contaminated discharge has flowed continuously since the 1940's from the primary slope entry (Pullman Swindell 1977) . The discharge resulted in the pollution of Sewickley Creek, a major tributary of the Youghiogheny River in the Ohio River Basin.
The discharge and treatment system are located on a 20 acre site that is relatively flat and formerly contained railroad tracks, coke ovens, coal refuse, a steam plant, and mine buildings. 
Design
The system's design follows the general guidance of Hedin et al. (1994a) with modifications that follow a patent on the production of iron oxide from mine water (Hedin 1999) . The
Marchand discharge is naturally net alkaline and the primary concern is Fe. The system was designed to oxidize Fe and retain iron oxide solids in six serially-connected settling ponds, each of which is about 3,500 m 2 (0.9 acre) The ponds were constructed with trough influent and effluent structures and features that facilitate sludge recovery. It is anticipated that iron sludge will be removed every 5-7 years and processed to a marketable iron product (Hedin 2003 
Methods
Sampling stations were established at the influent of each pond, the treatment wetland ("Wet-in"), the mitigation wetland ("Mit-in"), and at the final effluent. The final discharge flows through a 6-ft wide rectangular wooden structure that impounds water behind it and acts as a weir. The depth of water through the effluent structure was measured from a gauge installed in the effluent pool and this value was used to estimate flow with the following equation.
Where Q is flow rate in gpm, w is the width of the weir (6 ft), and d is the depth of water above the weir (measured in feet).
In March 2007, an infestation of muskgrass (Chara vulgaris) clogged the final effluent station, eliminating the stilling conditions necessary for accurate flow estimation. Subsequent modifications to the station made its use as a weir impractical. In August 2007, the system flow rate was measured by the cross-sectional velocity method using a flow velocity meter. Table 1 shows the characteristics of the system influent (Marchand Mine discharge) since the system was installed. The flow was strongly net alkaline and contaminated with 57-88 mg/L Fe. Treatment System Performance Table 2 shows the average chemical characteristics of the sampling stations. As water flowed through the system, pH values increased, while concentrations of alkalinity and Fe decreased. The change in alkalinity is due to the neutralization of acidity produced by iron oxidation and hydrolysis,
Results
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where each mg/L Fe removed neutralizes 1.8 mg/L of alkalinity as CaCO 3 . The decrease in alkalinity, 123 mg/L, was generally consistent with the 132 mg/L acidity calculated to have been produced by iron oxidation and hydrolysis.
Increased pH is a common feature for passive systems with net alkaline water and is attributed to exsolution of CO 2 (Younger, et al. 2002; Cravotta, 2007) . Carbon dioxide partial pressures (Table 2) were calculated from the pH and alkalinity by the following equation:
Where CO 2 is atmospheres, HCO 3 -was estimated from alkalinity, and the constants were each adjusted for temperature (13 O C) and ionic strength (0.1) so that K H was 10 -1.31 and K a1 was 10 -6.24 (Butler, 1991) . 
Al was < 0.5mg/L at all stations; na indicates data not available
The discharge from the mine had an average CO 2 partial pressure of 10 -0.82 . This value greatly exceeds atmospheric CO 2 partial pressure (~10 -3.5 ), causing CO 2 to exsolve. 
Fe Removal Processes
The Marchand system was designed for the oxidative removal of iron. No organic matter was incorporated into the treatment system that would promote reducing conditions. The wetlands were constructed with existing soils which were generally mineral in nature.
The oxidative removal of iron from alkaline water occurs through its oxidation to ferric iron, hydrolysis to a suspended solid (ss), and precipitation (p) of the iron solid. Under alkaline conditions where the pH is maintained between 6 and 8, the hydrolysis step is rapid and the limiting processes are oxidation and solids settling.
The oxidation step is generally considered rate limiting for mine water treatment systems (Hustwit et al. 1992 ) and has received the most attention by AMD researchers. Above pH 5, the reaction is dominated by abiotic processes (Hedin et al. 1994a; Kirby et al. 1999 solids from the water column through settling.
The relative importance of oxidation and solids settling processes was evaluated by comparing dissolved Fe (FeD) and particulate Fe (FeP) on three days when filtered samples were collected. Table 4 shows the summary data and In the ponds, the iron content was dominated by ferrous iron (FeD). The situation was reversed in the wetlands, where particulate Fe dominated. The quality of the final discharge was determined by the efficiency of FeP settling.
Iron oxidation and particulate settling rates were calculated for the treatment units (Table 4 ). with several inches of ice and the final discharge was less than 4 o C. Despite these extreme coldweather conditions, the quality of the final discharge was good (Fig. 1b) . Effluent concentrations while the wetland was frozen were 0.7 -2.0 mg/L and averaged 1.3 mg/L, which was only 0.8 mg/L higher than warm weather conditions.
The small impact of cold temperature of the Marchand system's Fe removal is due to several factors. First, temperature variation is not as substantial as might be inferred from measurements at the final effluent. Table 5 shows average water temperatures within the Marchand system in winter and summer months. In winter, final discharge temperatures were 22 o C less than average conditions. However, little iron oxidation actually occurs in the wetlands (Fig. 2) . Most of the iron oxidation occurs in the ponds where winter temperatures are only 9 o C colder in winter than summer. This temperature difference could slow chemical reactions in cold weather to about 50% the warm weather rates.
The negative impact of lower temperatures on the reaction kinetics in the Marchand system appears to be offset by temperature-related chemical variations. Iron oxidation is directly related to dissolved oxygen (DO), whose solubility is inversely related to temperature. The change in solubility should increase gas transfer at lower temperatures, increasing the rate of iron oxidation. The solubility of DO is 25% higher at 9 o C than 19 o C, and if the DO transfer increases proportionally, the oxidation rate will increase 25%. A second factor that influences iron oxidation in the Marchand system in cold weather is an inverse relationship between water temperature and pH (Table 5 ). Figure 4 shows the relationship for the Wet-in station (effluent of the last settling pond). Overall, the average pH of the ponds during cold weather was 0.3 units higher than warm weather conditions. If the heterogeneous iron oxidation mechanism dominates under these conditions, then the higher pH could increase the oxidation rate by 1.9 times over lower pH, warm weather conditions. In the final pond where the cold weather difference is 0.5 pH units, the oxidation reaction is potentially increased by 3.2 times. The inverse relationship between pH and water temperature was not expected and the cause is currently under investigation. Similar measurements of pH at varying temperature have not been reported; thus it is unknown whether this is a common phenomenon or it is a unique result of the Marchand system water chemistry and design.
The inverse relationship between temperature and both dissolved oxygen and pH is more than sufficient to offset the direct relationship between temperature and reaction kinetics for iron oxidation. The effect of temperature variation on the settling rate of iron oxide solids is not known. It is possible that lesser Fe removal by some passive systems in winter is due to slower or less efficient solids settling rates, not slower ferrous iron oxidation.
High 
Effluent Quality
The Marchand system produced an effluent in its first year of operation that was compliant with standard mine discharge permit limits. Table 6 compares the Marchand final discharge to the limits generally applied for permitted mine water discharges in PA (Pa Code, Chapter 87.102
(a)). The Marchand system effluent has never exceeded any of the discharge limits.
Pennsylvania has special effluent criteria for passive mine water treatment systems that require a final effluent with pH 6-9, net alkalinity and Fe concentrations at least 90% less than the influent concentrations (Pa Code, Chapter 87.102 (c) (3)). If these standards were imposed on the Marchand system, the effluent Fe limit would be 7 mg/L. The Marchand system has never exceeded this limit.
The terms of the earth disturbance and wetland encroachment permits include a limit on the influent to the mitigation wetland of 7 mg/L Fe. The mitigation wetland influent averaged 1.8 mg/L Fe (Table 2 ) and the highest value measured was 4.0 mg/L Fe. was designed to produce a clean iron oxide sludge that is easily removed and can be processed to a saleable iron oxide (Hedin 1999; Hedin 2003) . The first recovery of the iron oxide product will occur in 2012 or 2013. The revenue from iron recovery is expected to offset sludge management costs. If the sludge revenues can also offset annual operational costs, the system will be selfsustaining.
Cost Analysis
The Marchand system was designed, permitted and constructed for a total cost of $1. 
Summary
During its first year of operation the Marchand passive treatment system continuously treated a flow of 4,700 -8,400 L/min containing an average of 74 mg/L Fe to a final discharge that averaged <1 mg/L Fe and was fully compliant with standard Pennsylvania and U.S. discharge permit criteria. The iron was precipitated in ponds designed to produce a clean iron oxide sludge that can be recovered and processed to a marketable iron oxide. Analysis of total and dissolved iron concentrations provided insights into the iron removal processes. The ponds removed 85% of the iron loading at rates that were primarily controlled by ferrous iron oxidation. The removal of the remaining 15% of iron occurred in the constructed wetland where the process was controlled by the settling of iron solids. The quality of the final discharge is controlled by solids settling, not iron oxidation.
A common criticism of passive treatment is that systems are unreliable in cold weather and at high flow rates. During the first year of operation, a month of sub-freezing temperatures created extensive ice cover in the wetland, and high spring flows decreased the theoretical retention from 90 hours to 68 hours. The discharge degradation during these periods was only 1 mg/L Fe. The kinetic penalties of cold temperatures are offset by increased dissolved oxygen solubility and also by an unexpected cold-weather increase in pH. The good performance under higher flows is consistent with first order removal of iron by the system. A simple empirical model indicated that 90% of the Fe is removed after 50 hours of retention and predicted that the final effluent at 68 hours of retention should be ~2.5 mg/L.
The Marchand system has low operational costs because it is passive and sludge management costs are offset by iron oxide production. The anticipated long-term costs are approximately 25% of the costs of a conventional lime plant.
